We present the magnetic dipole(M 1) transitions V → P γ of various heavy-flavored mesons such as (D, D * , Ds, D * s , ηc, J/ψ) and (B, B * , Bs, B * s , η b , Υ) using the light-front quark model constrained by the variational principle for the QCD-motivated effective Hamiltonian. The weak decay constants of heavy mesons and the decay widths for V → P γ are calculated. The radiative decay for Υ → η b γ process is found to be very helpful to determine the unmeasured mass of η b . Our numerical results are overall in good agreement with the available experimental data as well as other theoretical model calculations.
I. INTRODUCTION
The physics of exclusive heavy meson decays has provided very useful testing ground for the precise determination of the fundamental parameters of the standard model(SM) and the development of a better understanding of the QCD dynamics. While the experimental tests of exclusive heavy meson decays are much easier than those of inclusive one, the theoretical understanding of exclusive decays is complicated mainly due to the nonperturbative hadronic matrix elements entered in the long distance nonperturbative contributions. Since a rigrous field-theoretic formulation with a first principle application of QCD to make a reliable estimates of the nonperturbative hadronic matrix elements has not so far been possible, most of theoretical efforts have been devoted to looking for phenomenological approaches to nonperturbative QCD dynamics.
In our previous light-front quark model(LFQM) analysis [1] based on the QCD-motivated effective Hamiltonian, we have analyzed various exlcusive processes such as the semileptonic decays between heavy pseudoscalar mesons [2] and the rare B → K decays [3] and found a good agreement with the experimental data. Along with those exclusive processes, the magnetic dipole(M 1) transitions V (1 3 S 1 ) → P (1 1 S 0 )γ from the spin-triplet Swave vector(V) mesons to the spin-singlet S-wave pseudoscalar(P) mesons have also been considered as a valuable testing ground to further constrain the phenomenological model of hadrons [4, 5, 6, 7, 8, 9, 10, 11, 12, 13] .
In this talk we thus investigate the magnetic dipole transition among the heavy-flavored mesons such as (D, D * , D s , D * s , η c , J/ψ) and (B, B * , B s , B * s , η b , Υ) using our LFQM [1, 2, 3] . Since the experimental data available in this heavy-flavored sector are scanty, predictions of a model, if found reliable, can be utilized quite fruitfully. In addition, we calculate the weak decay constants of heavy pseudoscalar and vector mesons. A reliable estimate of decay constants is important, as they appear in may processes from which we can extract fundamental quantities in the SM such as Cabibbo-Kobayashi-Maskawa matrix elements. In our LFQM [1, 2, 3] , we have implemented the variational principle to QCD-motivated effective LF Hamiltonian to enable us to analyze the meson mass spectra and to find optimized model parameters, which are to be used subsequently in the present investigation. Such an approach can better constrain the phenomelogical parameters and establish the extent of applicability of our LFQM to wider ranging hadronic phenomena.
The paper is organized as follows: In Sec.II, we briefly describe the formulation of our LFQM [1, 2] and the procedure of fixing the model parameters using the variational principle for the QCD-motivated effective Hamiltonian. The decay constants and radiative V → P γ decay widths for heavy-flavored mesons are then uniquely determined in our model calculation. In Sec. III, the formulae for the decay constants of pseudoscalar and vector mesons as well as the decay widths for V → P γ in our LFQM are given. To obtain the q 2 -dependent transition form factors F V P (q 2 ) for V → P γ * transitions, we use the Drell-Yan-West q + = 0 frame(i.e. q 2 = −q 2 ⊥ < 0) and then analytically continue the spacelike results to the timelike q 2 > 0 region by changing q ⊥ to iq ⊥ in the form factor. The coupling constants g V P γ needed for the calculations of the decay widths for V → P γ can then be determined in the limit as q 2 → 0, i.e. g V P γ = F V P (q 2 = 0). In Sec. IV, we present our numerical results and compare with the available experimental data as well as other theoretical model predictions. Summary and conclusions follow in Sec.V.
II. MODEL DESCRIPTION
The key idea in our LFQM [1, 2] for mesons is to treat the radial wave function as trial function for the variational principle to the QCD-motivated effective Hamiltonian saturating the Fock state expansion by the constituent quark and antiquark. The QCD-motivated Hamiltonian for a description of the ground state meson mass spectra is given by
where k = (k ⊥ , k z ) is the three-momentum of the constituent quark, Mis the mass of the meson, and |Ψ
JJz nlm
is the meson wave function. In this work, we use two interaction potentials Vfor the pseudoscalar(0 −+ ) and vector(1 −− ) mesons: (1) Coulomb plus harmonic oscllator(HO), and (2) Coulomb plus linear confining potentials. In addition, the hyperfine interaction, which is essential to distinguish vector from pseudoscalar mesons, is included for both cases, viz.,
where V conf = br(r 2 ) for the linear(HO) potential and S q ·Sq = 1/4(−3/4) for the vector(pseudoscalar) meson.
The momentum space light-front wave function of the ground state pseudoscalar and vector mesons is given by
where φ(x i , k i⊥ ) is the radial wave function and R
JJz λ1λ2
is the spin-orbit wave function, which is obtained by the interaction independent Melosh transformation from the ordinary equal-time static spin-orbit wave function assigned by the quantum numbers J P C . The model wave function in Eq. (3) is represented by the Lorentz-invariant variables, The covariant forms of the spin-orbit wave functions for pseudoscalar and vector mesons are given by
where ǫ µ (J z ) is the polarization vector of the vector meson [14] 
where β is the variational parameter. When the longi-
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The normalization factor in Eq. (5) is obtained from the following normalization of the total wave function,
Our variational principle to the QCD-motivated effective Hamiltonian first evaluate the expectation value of the central Hamiltonian H 0 + V 0 , i.e. φ|(H 0 + V 0 )|φ with a trial function φ(x i , k i⊥ ) that depends on the variational parameters β and varies β until φ|(H 0 + V 0 )|φ is a minimum. Once these model parameters are fixed, then, the mass eigenvalue of each meson is obtained by M= φ|(H 0 + V)|φ . More detailed procedure of determining the model parameters of light and heavy quark sectors can be found in our previous works [1, 2] . Our model parameters (m, β) for the heavy quark sector obtained from the linear and HO potential models are summarized in Table I . Our predictions of the ground state meson mass spectra obtained from the linear and HO potential parameters are summarized in Fig. 1 . As one can see, our predictions obtained from both linear and HO parameters are overall in good agreement with the data [15] within 6% error. As we shall see in our numerical calculations, the radiative decay of Υ → η b γ might be useful to determine the mass of η b experimentally since the decay width Γ(Υ → η b γ) is very sensitive to the value of ∆m(
3 . The decay constants of pseudoscalar and vector mesons are defined by
where the experimental value of vector meson decay constant f V is extracted from the longitudinal(h = 0) polarization. Using the plus component(µ = +) of the current, one can easily calculate the decay constants and the explicit forms of pseudoscalar and vector meson decay constants are given in [14] .
III. RADIATIVE DECAY WIDTH FOR V → P γ
In our LFQM calculation of V → P γ decay process, we shall first analyze the virtual photon(γ * ) decay process so that we calculate the momentum dependent transition form factor, F V P (q 2 ). The lowest-order Feynman diagram for V → P γ * process is shown in Fig. 2 where the decay from vector meson to pseudoscalar meson and virtual photon state is mediated by a quark loop with flavors of consituent mass m 1 and m 2 .
The transition form factor F V P (q 2 ) for the magnetic dipole decay of vector meson V (P ) → P (P ′ )γ * (q) is defined as
where q = P − P ′ is the four momentum of the virtual photon, ǫ ν (P, h) is the polarization vector of the initial meson with four momentum P and helicity h. The kinematically allowed momentum transfer squared q 2 ranges from 0 to q
1 00 00 00 00 00 00 00 00 00 11  11  11  11  11  11  11  11  11   000  000  000  000  000  000  000  000  000   111  111  111  111  111  111  111  111  111   00  00  00  00  00  00  00  00  00   11  11  11  11  11  11  11  11  11   00  00  00  00  00  00  00  00  00   11  11  11  11  11  11  11  11  11 P' P P' The decay form factor F V P (q 2 ) can be obtained in the q + = 0 frame with the "good" component of currents, i.e. µ = +, without encountering zero-mode contributions [16] . Thus, we shall perform our LFQM calculation in the q + = 0 frame, where q 2 = q + q − − q 2 ⊥ = −q 2 ⊥ < 0, and then analytically continue the form factor F V P (q 2 ⊥ ) in the spacelike region to the timelike q 2 > 0 region by changing q ⊥ to iq ⊥ in the form factor. In the calculations of the decay form factor F V P (q 2 ), we use '+'-component of currents and the transverse(h = ±1) polarization.
The hadronic matrix element of the plus current, (9) is then obtained by the convolution formula of the initial and final state light-front wave functions:
where k ′ ⊥ = k ⊥ −x 2 q ⊥ and ee j is the electrical charge for j-th quark flavor. Comparing with the right-hand-side of Eq. (9), i.e. eP + F V P (Q 2 )q R / √ 2 where q R = q x + iq y , we could extract the one-loop integral, I(m 1 , m 2 , q 2 ), which is given by
where the primed factors are the functions of final state momenta, e.g.M 0
. Then, the decay form factor F V P (q 2 ) is obtained as
The coupling constant g V P γ for real photon(γ) case can then be determined in the limit as q 2 → 0, i.e. g V P γ = F V P (q 2 = 0). The decay width for V → P γ is given by
where α is the fine-structure constant and
V is the kinematically allowed energy of the outgoing photon. 
IV. NUMERICAL RESULTS
In our numerical calculations, we use two sets of model parameters (m, β) for the linear and HO confining potentials given in Table I to perform, in a way, a parameterfree-calculation of decay constants and decay rates for heavy pseudoscalar and vector mesons. Although our predictions of ground state heavy meson masses are overall in good agreement with the experimental values, we use the experimental meson masses except η b meson in the computations of the radiative decay widths to reduce possible theoretical uncertainties. Since the η b mass is not measured yet, we use the range ∆m = M Υ − M η b = 60 ∼ 160 MeV for Υ → η b γ process [17] .
In Tables II and III , we present our predictions for the charmed and bottomed meson decay constants, respectively, and compare them with other theoretical model predictions [18, 19, 20, 21, 22, 23, 24, 25, 26] as well as the experimental data [15, 27, 28, 29, 30] . We show in Fig. 3 the momentum dependent form factors F V P (q 2 ) for charmed vector meson radiative V → P γ * decays obtained from the linear parameters. Since the results from the HO parameters are not much different from those of linear ones, we omit them for simplicity. The arrows in the figure represent the zero recoil points of the final state pseudoscalar meson, i.e. q 2 = q 2 max . We have performed the analytical continuation of the decay form factors F V P (q 2 ) from the spacelike region(q 2 < 0) to the physical timelike region 0 ≤ q 2 ≤ q 2 max . The coupling constant g V P γ at q 2 = 0 corresponds to a final state pseudoscalar meson recoiling with maximum threemomentum in the rest frame of vector meson. The opposite sign of coupling constants for D * + (solid line) and D * + s (dashed line) decays compared to the charmonium J/ψ(dot-dashed line) decay indicates that the charmed quark contribution is largely destructive in the radiative decays of D * + and D * + s mesons. The recoil effect, i.e. the difference between the zero and the maximum points, is not negligible for the D * + → D + γ * decay, while other processes may be negligible. The recoil effects for the bottomed and bottomonium meson decays are negligible due to the very small photon energies.
In Table IV , we present our results for the decay widths and branching ratios together with the available experimental data. The errors in our results for the decay widths and branching ratios come from the un- , where the lower, central, and upper values correspond to ∆m = 60 MeV, 110 MeV, and 160 MeV, respectively. The decay width Γ(Υ → η b γ) is found to be very sensitive to ∆m because it is proportional to (∆m) 3 . Other model calculations for the Υ(1S) radiative M 1 decay rates can be found in Ref. [31] .
In Fig. 4 , we show the dependence of Γ(Υ → η b γ) on ∆m compared with other theoretical model calculations [32] . As one can see from Fig. 4 , our prediction for the dependence of Γ(Υ → η b γ) on ∆m is quite consitent with other theoretical predictions for various ∆m [32] .
V. SUMMARY AND DISCUSSION
In this work, we investigated the weak decay constants and the magnetic dipole − − QCD [19] 201 ± 3 ± 17 − 249 ± 3 ± 16 -− − Sum-rules [20] 204 ± 20 − 235 ± 24 -− − BS [21] 230 φ Linear φ HO BJV06 [12] ZSG91 [32] FY99 [32] MR83 [32] GOS84 [32] LNR99 [32] MB83 [32] PTN86 [32] UKQCD00 [32] GI85 [4] EQ94 [32] nonperturbative quantities. This approach can establish the extent of applicability of our LFQM to wider ranging hadronic phenomena. Our predictions of mass spectra and decay constants for heavy pseudoscalar and vector mesons are overall in good agreement with the available experimental data as well as other theoretical model calculations. Our numerical results of the decay widths for J/ψ → η c γ and D * + → D + γ fall within the experimental error bars. Our predictions for the branching ratios for the bottomed and bottomed-strange mesons are quite comparible with other theoretical model predictions. For the radiative decay of the bottomonium, we find that the decay widths Γ(Υ → η b γ) is very sensitive to the value of ∆m = M Υ − M η b . This sensitivity for the bottomonium radiative decay may help to determine the mass of η b experimentally.
Since the form fator F V P (q 2 ) of vector meson radiative decay V → P γ * presented in this work is precisely analogous to the vector current form factor g(q 2 ) in weak decay of ground state pseudoscalar meson to ground state vector meson, the ability of our model to describe such decay is therefore relevant to the reliability of the model for the weak decay. Consideration on such exclusive weak decays in our LFQM is underway. Although our previous LFQM [1, 2] and this analyses did not include the heavy mesons comprising both c and b quarks such as B c and B * c , the extension of our LFQM to these mesons will be explored in our future communication. 
